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Mesoporous silica, SBA-15 was successfully functionalized with quinoline moiety, and was
applied as a matrix in the MALDI-TOF-MS analysis of small molecules. The modified SBA-15
material [SBA-15-8-(3-(triethoxysilyl)propoxy) quinoline, SBA-15-8QSi] was obtained by using
calcined SBA-15 and 8-hydroxy quinoline. The structure of the functionalizedmesoporousmaterial
was systemically characterized by TEM, the N2 adsorption-desorption isotherm technique and
FT-IR spectra. ComparedwithDHBand SBA-15, SBA-15-8QSi demonstrated several advantages in the
analysis of small molecules with MALDI-TOF-MS, such as less background interference ions, high
homogeneity, and better reproducibility. Based on these results, the various analytical parameterswere
optimized. The ideal operating conditionswere (1) methanol used as the dissolving solvent; (2) sample
first dropping method; (3) a ratio between the analyte and the matrix of 3.5:10. Under these
optimization conditions, a low detection limit (8 pmol for L-Arginine-HCl) and high reproducibility
(29%)were obtained. This techniquewas successfully applied to the analysis of various types of small
molecules, such as saccharides, amino acids, metabolites, and natural honey. (J Am Soc Mass
Spectrom 2009, 20, 2167–2173) © 2009 American Society for Mass SpectrometrySince the development of MALDI-TOF-MS byKaras and Hillenkamp [1] and Tanaka [2] et al.,this technique has been successfully utilized in the
analysis of various types of biochemical materials, in-
cluding peptides/proteins [3–5], oligosaccharides [6],
oligonucleotides [7], and synthetic polymers [8, 9].
However, the application of MALDI-TOF-MS in small
molecules analysis has been limited, mainly due to ion
interference originating from matrices in the low mol-
ecule weight region (500 Da) [10, 11]. To overcome
this problem, several alternative matrices, such as high
mass molecules [12, 13], surfactant suppressed matrix
[14], inorganic materials [15], and C60 [16] have been
investigated. Recent developments, which are often
referred to as nanoscience, have enabled significant
advances in the understanding of matrix materials at
the molecular level and have revealed the importance of
the nanometer-scale properties of matrices, such as pore
size, surface functional groups, and compositions in
their consequent matrix performances. For example,
nanostructured materials, such as porous silicon [17],
silicate [18, 19], silicon nano-particles [20], carbon nano-
tubes [21], and gold nano-particles [22] have been
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matrix ion background in the mass spectra.
There has been a great deal of interest in ordered
mesoporous materials due to their regular pore sizes in
the mesoporous range, high surface areas, high pore
volumes, and easy functionalization since they were
first reported in 1992 [23, 24]. Recently, there have been
significant advances in the preparation and modifica-
tion of mesoporous materials, which allows their utili-
zation in various applications, such as adsorbents [25],
catalyst supports [26], nano-templates [27], and nano-
materials [28] for advanced electronics. In general, the
pore surfaces of mesoporous silica materials are cov-
ered with a layer of silanol groups (Si-OH), which can
act as the binding sites for desired functional groups via
covalent grafting on the surfaces. Hu et al. reported on
titanium (IV) immobilized mesoporous silica particles
which were used as an enriching trap for small molecules
(phosphorylated peptides), determined with MALDI-
TOF-MS [29]. In addition, mesoporous silica materials
have the advantage of optical transparency in the visible
region [30].
Herein, we successfully functionalized the meso-
porous silica, SBA-15 with an 8-hydroxy quinoline
group (SBA-15-8QSi hereafter), and applied the func-
tional material as a matrix for MALDI-TOF-MS analy-
sis. The SBA-15-8QSi material exhibited less ion back-
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2,5-dihydroxybenzoic acid (DHB) matrix, which is gen-
erally used as a standard matrix in MALDI analysis.
The detection limits and reproducibility of this modi-
fied mesoporous matrix were investigated to under-
stand the behavior of MALDI-TOF-MS. The technique
was also used to analyze various types of small molec-
ular weight chemical mixtures such as amino acids (4),
metabolites (2), saccharides (3) and honeys.
Experimental
Chemicals and Materials
Organic solvents such as methanol, acetone, acetonitrile
(ACN), toluene, and 2-propanol (HPLC grade), triflu-
oroacetic acid (TFA), -cyano-4-hydroxycinnamic acid
(CHCA), bradykinin standards, 2,5-dihydroxybenzoic
acid (DHB, a standard MALDI matrix), pluronic P123
(EO20PO20EO20, Mav  5800), tetraethyl orthosilicate
(TEOS), 8-(3-(triethoxysilyl)propoxy)quinoline (8QSi), and
D()-Xylose were purchased from Sigma-Aldrich. D()-
glucose and sucrose were obtained from the United States
Biotechnology Company (Shanghai, China). L-arginine-HCl,
L-histidine, L-lysine-HCl, L-phenylalanine, L-carnosine,
and cytidine were obtained from J and K Chemical Ltd
(Shanghai, China). Honey was obtained from local bee
farms (Yanji City, Jilin Province, China). The water used
in all experiments was prepared using a Milli-Q water
purification system (Millipore, Milford, MA, USA). The
mesoporous silica, SBA-15, was synthesized following
the procedures described previously [31], using P123 as
the structure-directing agent and TEOS as the frame-
work source.
Surface Modification of SBA-15 with 8QSi
The as-prepared mesoporous silica, SBA-15 was cal-
cined at 550 °C for 2 h under static air conditions, before
the surface modification with 8QSi; 1.0 g of the calcined
SBA-15 was added to 10 mL of a toluene solution
containing 0.32 g of 8QSi, the mixture was stirred at
80 °C for 24 h, and the temperature was subsequently
raised to 120 °C for 24 h. The solid material was filtered,
washed sequentially with toluene, acetone, methanol,
and dichloromethane, and finally dried under vacuum
at room temperature. The modified SBA-15 material
was denoted as SBA-15-8QSi.
Sample Preparation for MALDI-TOF-MS Analysis
Matrix solutions: 10 mg mL1 of CHCA solution was
obtained with a 1:1 volumetric ratio of ACN to 0.1%
TFA and 10 mg mL1 of DHB solution was obtained
with methanol. Two different SBA-15-8QSi (10 mg
mL1) solutions were prepared in methanol and water.
Sample solutions: 10 mg mL1 of sucrose solution
was prepared with methanol to obtain a mother solu-
tion. Standard spiked honey (3.5 mg mL1) and naturalhoney solutions were prepared with water; 3.5 mg
mL1 of amino acids, metabolites, and low molecular
weight saccharides were also prepared with water.
Four different sample preparation methods were
used as follows. (1) Dried-Droplet method: 0.5 L of
sucrose solution was mixed with 0.5 L of SBA-15-8QSi
solution on a stainless steel 384-well target and allowed
to air dry. (2) Matrix-first two layer method: 0.5 L of
SBA-15-8QSi solution was deposited first onto the tar-
get and left to dry. Then, 0.5 L of the sucrose was
deposited onto the first layer and allowed to air dry. (3)
Sample-first two layer method: 0.5 L of sucrose solu-
tion was deposited first onto the plate and left to air dry.
Then, 0.5 L of SBA-15-8QSi solution was deposited
onto the first layer and allowed to air dry. (4) Sandwich
method: 0.25 L of SBA-15-8QSi solution was deposited
first onto the sample plate and left to dry. Then, 0.5 L
of sucrose solution was deposited onto the first layer
and allowed to air dry. Last, 0.25 L of SBA-15-8QSi
solution was deposited onto the second layer and
allowed to air dry.
Characterization Methods
N2 adsorption-desorption isotherms were obtained us-
ing a Micromeritics ASAP 2000 (Ontario, Canada) at
liquid N2 temperature. Transmission electron micros-
copy (TEM) images were obtained using a JEOL JEM-
2100F (Tokyo, Japan), operating at 200 kV. The micros-
copy images were obtained using an Olympus BX61
(New York, USA). The FT-IR spectra were recorded on
a Shimadzu, Tokyo, Japan Prestige-21 spectrometer
with KBr pellets. MALDI-TOF-MS experiments were
performed in positive-ion mode on a reflection-type
time of flight (TOF) mass spectrometer (Kratos PC
Axima CFR plus V2.4.0; Shimadzu) equipped with a
2.25 m flight tube. Desorption/ionization was obtained
by using a 337-nm nitrogen laser and the available
accelerating voltages ranged from 20 to 20 kV. To
obtain good resolution and signal-to-noise (S/N) ratios,
the laser power was adjusted to slightly above the
threshold and each mass spectrum was generated by
averaging 300 laser pulses. The calibration of mass
spectra was performed externally using the mass peaks
of the dimer of CHCA and bradykinin standards.
Results and Discussion
Characterization of SBA-15-8QSi Material
The TEM images in Figure 1 confirmed that the SBA-
15-8QSi material had highly ordered 2D-hexagonal me-
sostructures and well-developed mesopores throughout
the sample. It was demonstrated that the mesostructure of
the SBA-15 material was preserved after functionalization
with 8QSi.
N2 adsorption-desorption experiments were per-
formed to further investigate the structural properties
of the SBA-15-8QSi material. The isotherms and the
2169J Am Soc Mass Spectrom 2009, 20, 2167–2173 MALDI-TOF-MS ANALYSIS OF SMALL MOLECULEScorresponding pore size distribution curves (obtained
by Barrett-Joyner-Halenda (BJH) method) are shown in
Figure 2. The isotherm of SBA-15-8QSi was type IV
(IUPAC classification) with H1 hysteresis loops, which
are typical isotherm patterns of mesoporous materials
with 2D-hexagonal symmetry [32]. As expected from
the sharp condensation steps in the region of p/p0 
0.6–0.8 in the isotherms, the SBA-15-8QSi material
exhibited a very narrow BJH pore size distribution
curve centered at 7.2 nm. The surface area [estimated by
Branauer-Emmett-Teller (BET) method] of the SBA-15-
8QSi material was 668 m2g1. The smaller BJH pore size
and lower BET surface area of SBA-15-8QSi compared
with SBA-15 (SBET  702 m
2g1, pore size  7.3 nm),
might be due to the functional groups (8QSi) on the
pore surface of SBA-15. Similar results were reported by
Li et al. [30].
Figure 1. TEM images of SBA-15-8QSi (a) in th
perpendicular to the pore axis.
Figure 2. N adsorption-desorption isotherm o2
size distribution curve (b).FT-IR spectra were obtained to investigate the chem-
ical properties of the mesoporous materials. As shown
in Figure 3, the SBA-15-8QSi material exhibited bands
around 2900 cm1 (assigned to the C–H stretching and
deformation vibrations) and around 1500 cm1 [corre-
sponding to the bending vibrations of imine (C  N)
group], whereas the IR spectrum of the SBA-15 material
did not show these bands from organic moieties. These
IR results also indicated the successful surface function-
alization of SBA-15 with 8QSi.
Comparing DHB,SBA-15, and SBA-15-8QSi as a
Matrix for MALDI-TOF-MS Analysis
To investigate the behavior of SBA-15-8QSi for MALDI-
TOF-MS analysis, comparative studies were also car-
ection of the pore axis, and (b) in the direction
A-15-8QSi (a) and the corresponding BJH poree dirf SB
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4 (inset) shows the MALDI blank matrix spectra of
DHB, SBA-15, and SBA-15-8QSi. As shown in Figure 4a
(inset), there were strong interference ions caused by
the DHB matrix, which were due to the DHB matrix
cluster ionization. In contrast, SBA-15 (Figure 4b, inset)
and SBA-15-8QSi (Figure 4c, inset) showed spectra with
little background ion interferences. The peaks above
m/z  100 make the characterization of small molecules
obscure and different from those in Figure 4a (inset).
Although the peaks of m/z at 23 (Na) and 39 (K) were
found sometimes, they did not affect the analysis of small
molecules, and may be from the solvent or the environ-
ments. These results indicated that the mesoporous ma-
trices (SBA-15 and SBA-15-8QSi) were good candidate
materials in the MALDI-TOF-MS analysis of small mole-
cules due to the absence of interference with matrix peaks
in these ranges.
To confirm the above results, sucrose (3.5 mg mL1)
was selected as a typical small molecule, and was
analyzed with MALDI-TOF-MS using DHB, SBA-15,
and SBA-15-8QSi as matrices. As shown in Figure 4a,
various signal peaks, such as the peaks of m/z at 310,
198, and 177, were observed, which may have been
caused by the DHB matrix itself. In the case of SBA-15
(Figure 4b) and SBA-15-8QSi (Figure 4c), the matrix ion
interferences observed in DHB were completely elimi-
nated during the desorption/ionization of sucrose on
MALDI-TOF-MS.
Furthermore, the performance (intensity, reproduc-
ibility, and distribution homogeneity) of MALDI-TOF-
MS was significantly improved by the SBA-15-8QSi
matrix. In a comparison of the spectra obtained from
SBA-15-8QSi and SBA-15, the intensity and efficiency of
desorption/ionization for sucrose on SBA-15-8QSi was
greatly enhanced compared with the SBA-15 matrix.
This can probably be attributed to the existence of the
organic functional groups on the porous surface. The
8QSi group was attached to SBA-15 as a laser power
Figure 3. FT-IR spectra of (a) SBA-15 and (b) SBA-15-8QSi.receptacle. To explain this phenomenon, the UV-Visspectrum of SBA-15, SBA-15-8QSi, and 8QSi were com-
pared (Figure S1, Supplementary Material, which can
be found in the electronic version of this article). From
the spectrum, it is found that absorbability of UV
energy (between 300 and 350 nm) of SBA-15-8QSi was
greatly improved compared with SBA-15 after the in-
troduction of 8QSi to SBA-15. This energy may have
come from 8QSi as shown in Figure S1. It was also
noted that distribution homogeneity was one of the
Figure 4. MALDI-TOF mass spectra of different matrices for su-
crose (3.5 mg mL1) analysis: (a) DHB, (b) SBA-15, and (c) SBA-15-
8QSi. A comparison of the performance of the different blank
matrices for MALDI-TOF-MS analysis: DHB (a, inset), SBA-15 (b,
inset) and SBA-15-8QSi (c, inset).
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ducibility of mass spectra in the MALDI-TOF-MS tech-
nique. It was observed that the SBA-15-8QSi matrix
made the spot distribution more homogeneous than the
SBA-15 matrix on the stainless steel target. As we know,
SBA-15 materials have high surface energy. The silanol
groups on the surface possess high chemical and phys-
ical activities. Therefore, the introduction of 8QSi re-
duced the surface activity (such as Coulomb’s force),
and this favored the distribution in the solution. Figure
5 shows the microscopy images of SBA-15-8QSi and
SBA-15 matrices on the stainless steel targets. The
matrix suspensions containing SBA-15 and SBA-15-
8QSi, respectively, were prepared by dispersing them in
methanol at a concentration of about 1 mg mL1. As
shown in Figure 5, it was observed that the matrix layer
derived from SBA-15-8QSi (Figure 5a) was obviously
more homogeneous than that from SBA-15 (Figure 5b).
This may have resulted in the excellent reproducibility dis-
cussed in the Detection Limits and Reproducibility section.
Optimizing Sample Preparation Methods
To obtain the best performance, we optimized the
sample preparation methods using the SBA-15-8QSi
material, which were expected to affect the MALDI-
TOF-MS analysis. The effect of solvent on the analysis
of sucrose was investigated. Considering the solubility
and dispersion of the target analyte and matrix, water
and methanol were selected as the solvents. It was
found that high intensity was obtained when methanol
was used, compared with water (Figure S2). This was
probably due to the more homogeneous dispersion of the
SBA-15-8QSi matrix in methanol, even though the target
analyte, sucrose, was very soluble in both water and
methanol. Therefore, the subsequent MALDI-TOF-MS
analyses were performed using methanol as the solvent.
There are various types of sample preparation meth-
ods for MALDI-TOF-MS analysis, such as the dried-
droplet [1], fast evaporation [33], vacuum drying [34],
sandwich [35], and two-layer [36] methods. Among
Figure 5. The microscopy images of (a) SBA-15
target.these techniques, the dried-droplet method is one of the
most frequently used for MALDI-TOF-MS analysis in
the case of solution (analyte) to solution (matrix) con-
ditions. In the case of nano-particles, the matrix is a
slurry and the analyte is a solution. Therefore, the spot
formed by the dried-droplet method might be inhomo-
geneous, resulting in poor shot-to-shot and sample-to-
sample reproducibility [37]. To investigate possible
improvements in spot homogeneity, four sample prep-
aration methods using the SBA-15-8QSi matrix were
compared in the present study. The methods tested
were (1) dried-droplet, (2) matrix-first two layer, (3)
sample-first two layer, and (4) sandwich. As shown in
Figure S3, the sample-first two layer method exhibited
the best performance on MALDI-TOF-MS analysis of
sucrose. In the case of the sample-first two layer
method, the SBA-15-8QSi matrix was deposited as an
upper layer on the target analyte, so that the matrix
could be dispersed on the entire sample surface, giving
a smoother and more homogeneous sample spot. The
upper layer of the SBA-15-8QSi matrix can first be
irradiated with the laser, which results in an increase in
the local temperature and other energies such as kinetic
energy [38]. The energies thus generated can be trans-
ferred to the bottom layer containing the analyte
molecules, allowing desorption and ionization of the
molecules.
The ratios between the analyte andmatrix are also very
important in the analysis using MALDI-TOF-MS. The
ratios between SBA-15-8QSi and sucrosewere varied from
10:1 to 10:10 by 0.5 units, and the results indicated that the
optimal ratio of SBA-15-8QSi to sucrose was 10:3.5. Under
the same analytical conditions, the signal intensity in-
creased until the ratio reached 10:3.5, and then decrease at
ratios above this value. In addition, good reproducibility
was obtained at this ratio.
Detection Limits and Reproducibility
To examine the detection limits, a series of L-Arginine-
HCl solutions at different concentrations were exam-
i and (b) SBA-15 dispersed on the stainless steel-8QS
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previously. According to the results, 8 pmol of L-
Arginine-HCl was enough to obtain a reasonable MALDI-
TOF-MS spectrum (intensity 5 S/N shown in Figure 6a
inset), indicating that the SBA-15-8QSi matrix exhibited
excellent detection limits due to significant suppression
of interference ions (shown in Figure 1). To evaluate the
reproducibility of analysis, a set of experiments with a
sample concentration of 3.5 mg Ml1 was conducted
using 50 different sample spots. The relative standard
deviation (RSD) for the signal intensity was below 29%.
This RSD value was excellent compared with that of a
standard MALDI matrix such as DHB, presumably
because the SBA-15-8QSi matrix is much more homo-
geneous without the “sweet spots” found in traditional
chemical matrices.
Applications to Small Molecule Analysis
The SBA-15-8QSi matrix was applied to the MALDI-
TOF-MS analysis of small molecules because the mate-
rial exhibited excellent performance as a matrix in the
analysis of sucrose and L-Arginine-HCl. A mixture of
amino acids, including L-arginine-HCl, L-histidine, L-
lysine-HCl, L-phenylalanine, metabolites including L-
carnosine, cytidine, and low molecular weight saccha-
rides including xylose, glucose, and sucrose as samples
of small molecules were investigated. As shown in
Figure 6a, it was obvious that peaks for L-arginine-HCl
(175 [M  HCl  H]), L-histidine (156 [M  H]; 178
[M  Na]; 194 [MK]), L-lysine-HCl (169 [MHCl
Na]), L-phenylalanine (188 [M  Na]; 204 [M  K]),
L-carnosine (226 [M  H]; 249 [M  Na]; 265 [M 
K]), cytidine (266 [M  Na]; 282 [M  K]), xylose
Figure 6. Application of the SBA-15-8QSi ma
weight molecules: (a) a mixture of nine small m
H]), L-Histidine (156 [M  H]; 178 [M  Na
Na]), L-Phenylalanine (188 [M  Na]; 204 [M
265 [M  K]), Cytidine (266 [M  Na]; 282 [M
Na]; 219 [M  K]), and sucrose (365 [M  N
203 [M  Na]; 219 [M  K]; sucrose: 365 [M 
fructose: 203 [M  Na]; 219 [M  K]) (b, inse
limit is shown (a, inset) for L-Arginine-HCl (8 pmol)(173 [M  Na]), glucose (203 [M  Na]; 219 [M 
K]), and sucrose (365 [M  Na]) were observed. The
results indicate that SBA-15-8QSi matrix approach is
suitable for carbohydrates analysis since most of the
molecules are observed with Na and K adducts.
Then, this method was applied for honey analysis to
further explore the practical application of SBA-15-
8QSi. The honeys were obtained from local bee farms. It
is known that the main components of honey are
glucose and fructose. Figure 6b and b (inset) were
obtained from the standard spiked honey and natural
honey, respectively. The peaks of m/z at 365 and 381
represent the Na and K adduct ions for sucrose, and
the peaks of m/z at 203 and 219 belong to the Na and
K adduct ions for glucose or fructose. The application
studies on distinction of natural product quality with
SBA-15-8QSi as matrix were conducting in our labora-
tory in recent.
Conclusion
In this work, SBA-15-8QSi was prepared and applied to
the analysis of small molecules using MALDI-TOF-MS
as the functional matrix. The technique was used to
analyze analytes including amino acids, metabolites,
and honey. According to the above experiments, no
fragments of analyte ions were observed, suggesting
that the matrix of SBA-15-8QSi may be a “soft” matrix
for MALDI-TOF-MS. Compared with a conventional
chemical matrix such as DHB, utilization of the SBA-
15-8QSi matrix for MALDI-TOF-MS analysis has sev-
eral advantages, including more homogeneity, better
desorption/ionization efficiency for the analytes, and
better reproducibility of peak intensities for the analyte
in MALDI-TOF-MS analysis of low molecular
les including L-Arginine-HCl (175 [M  HCl 
94 [M  K]), L-Lysine-HCl (169 [M  HCl 
), L-Carnosine (226 [M  H]; 249 [M  Na];
]), xylose (173 [M  Na]), glucose (203 [M 
(b) standard spiked honey (glucose or fructose:
; 381 [M  K]) and natural honey (glucose or
e MALDI-TOF mass spectrum of the detectiontrix
olecu
]; 1
 K]
 K
a]),
Na]
t). Th.
2173J Am Soc Mass Spectrom 2009, 20, 2167–2173 MALDI-TOF-MS ANALYSIS OF SMALL MOLECULESsample spots. Under optimized conditions, the detec-
tion limit was 8 pmol with the RSD value below 29%.
The SBA-15-8QSi matrix can also be utilized practically
for examining the purity of natural honey containing
low molecular weight saccharides. MALDI-TOF-MS
analysis using the present SBA-15-8QSi matrix is be-
lieved to be a useful technique to investigate small
compounds.
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